We demonstrate a versatile, rotational-state dependent trapping scheme for the ground and first excited rotational states of 23 Na 40 K molecules. Close to the rotational manifold of a narrow electronic transition, we determine tune-out frequencies where the polarizability of one state vanishes while the other remains finite, and a magic frequency where both states experience equal polarizability. The proximity of these frequencies of only 10 GHz allows for dynamic switching between different trap configurations in a single experiment, while still maintaining sufficiently low scattering rates.
Trapping potentials for ultracold atoms and molecules are based on spatially dependent energy shifts of their internal states produced by magnetic, electric, or optical fields. Generally, these energy shifts are state dependent, which greatly affects the time evolution of superposition states of atoms or molecules. Demand in precision quantum metrology, simulation and computation has motivated careful design of state-dependent traps that offer better control over quantum states. One limiting case is the magic trapping condition, where the light shift of two internal states is identical [1] [2] [3] . It is a key ingredient for achieving long coherence time in atomic and molecular clocks [4, 5] . Another limiting case is the tune-out condition, where the light shift of one state vanishes while the other remains finite [6, 7] . It can be used in novel cooling schemes for atoms [8] , selective addressing and manipulation of quantum states [9] [10] [11] , and precision measurements of atomic structure [12] [13] [14] [15] [16] [17] .
We extend these concepts to rotational states of ultracold polar molecules [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Such molecules offer unique possibilities for quantum engineering due to their strong long-range dipolar interactions and long single-particle lifetime [28] [29] [30] [31] [32] . Manipulating their rotational states is particularly important for experimental control of dipolar interactions. Though significant advances in controlling the internal states of molecules have been made [33] [34] [35] [36] [37] [38] [39] , achieving long rotational coherence in optical dipole traps remains technically challenging as it requires careful control of trapping light polarization or intensity [40] [41] [42] . A magic-frequency trap can be used to reduce sensitivity to polarization angle or intensity fluctuation. Another major challenge for ultracold molecules are two-body loss processes originating from inelastic collisions that prevent effective evaporative cooling. For fermionic species, they can be suppressed by Pauli blocking in a threedimensional lattice [43] . However, removing high entropy molecules from a lattice potential to achieve cooling in such a configuration is not straightforward. This problem could be solved with a tune-out lattice which traps molecules in one state while letting others escape. In this work, we demonstrate a versatile rotational-state dependent trapping scheme that could be used to address such challenges by leveraging rotational transition lines of a nominally forbidden molecular transition.
In our experiments, we use 23 Na 40 K molecules in their rovibrational ground state |X 1 Σ + , v = 0, J = 0 as well as their first rotationally excited state, |J = 1, m J = 0 . In the following, we will refer to these states as |0 and |1 , respectively. The rotational-state dependent dipole trap is realized with laser light slightly detuned from the |X 1 Σ + , v = 0, J = 0 ↔ |b 3 Π 0 , v = 0, J = 1 transition (subsequently called the X ↔ b transition), which was previously studied in [44] . For detunings from this transition comparable to the rotational constants, dynamic polarizabilities depend strongly on the rotational level of the X state (see Fig. 1 ). Tune-out conditions for both states as well as a magic condition can thereby be achieved within a frequency range of less than 10 GHz. All intermediate ratios of polarizability can be realized between these limiting cases. The X ↔ b transition is mostly electric-dipole forbidden and therefore exhibits a narrow partial linewidth of Γ = 2π × 297(10) Hz, much smaller than the spacing between rotational states. This leads to photon scattering rates small enough to realize dipole traps at the tune-out and magic frequencies.
The frequency of the X ↔ b transition is ω 0 = 2π × 346.123 61(5) THz, corresponding to a wavelength of λ = 866.1427(2) nm. The polarizabilities α 0 (∆) and α 1 (∆) of a molecule in |0 or |1 , respectively, in a light field detuned by ∆ from the X ↔ b transition can be described by Here, α iso and α ang (θ) are background terms that describe the polarization-independent and -dependent contributions from the other far-detuned transitions, respectively, and θ denotes the angle between the light polarization and the quantization axis, which is given by the direction of the dc electric field in the experiment. The background polarizability terms can be expressed as [2, 41, 45] 
where α bg and α ⊥ bg are the background parallel and perpendicular polarizabilities, respectively. The photon scattering rate of molecules in |0 near the X ↔ b transition is given by
where I is the light intensity and Γ e is the natural linewidth of the excited state, expected to be Γ e ≈ 3Γ if the decay of the excited state to states other than the ground vibrational state is negligible as is the case for KRb molecules [46] . Our experimental cycle begins with the preparation of a near-degenerate sample of molecules in the |0 state using STIRAP as described in [47] . Depending on the measurement, this preparation is done either in a fardetuned crossed-beam optical dipole trap or a one-or three-dimensional (1D or 3D) optical lattice, described in detail in the Supplemental Material [48] . The 1/e radius of the molecule cloud is ≈ 30 µm. In order to image the molecules, we perform a reverse STIRAP procedure and employ absorption imaging on molecules in the resulting Feshbach molecule state |FB . To measure the effect of light at small detuning from the X ↔ b transition on the molecules, we illuminate them with a laser beam at a given detuning ∆. This beam is subsequently called the 866-nm beam and is provided by a Ti:Sapphire laser locked to a wavelength meter with a systematic error of less than 50 MHz [49] . This systematic error is considered in all frequency errors given in the following. The 866nm beam is focused to a spot of 1/e 2 radius 75 µm, such that molecules experience an average intensity I of up to 2700 W/cm 2 .
To directly measure the frequency-dependent polarizability α 0 (∆) of molecules in the state |0 , we prepared molecules in the crossed dipole trap. The 866-nm beam was turned on during one of the STIRAP pulses and the resulting shift of the STIRAP two-photon resonance was used to determine α 0 as described in the Supplemental Material [48] . We found that α 0 agrees well with the theory curve as shown in Fig. 2(a) .
In order to trap molecules in an optical dipole trap with long lifetime, the photon scattering rate must be low. We measured the radiative lifetime by illuminating molecules in state |0 with 866-nm light. The molecules were frozen in a far-detuned 3D optical lattice to avoid collisional loss. The molecule loss caused by the 866-nm beam was determined by fitting an exponential decay curve to the measured molecule numbers, see Fig. 2 (b). From these data, we determined the position of the resonance feature at ω 0 = 2π × 346.123 61(5) THz. To ensure that this resonance was not shifted by the presence of far offresonant dipole trap light, we performed additional loss measurements for small values of ∆ with all far-detuned trapping light turned off and found a shift in resonance frequency of less than 20 MHz. Interestingly, we found the measured molecule loss rates to be an order of magnitude larger than the calculated photon-scattering rate according to Eq. (5). Two-photon processes were ruled out as a reason for the increased loss rate: On the one hand, the molecule loss rate γ L scales linearly with I, excluding an excitation process with two 866-nm photons, see inset of Fig. 2(b) . On the other hand, we did not observe a reduction of γ L in absence of the far off-resonant trapping light, which rules out bichromatic two-photon processes. A possible explanation for the increased loss rate is that the decay of the b state to states other than |X 1 Σ + , v = 0 , e.g. to the a 3 Σ + manifold, is dominant compared to the nominally forbidden X ↔ b transition, leading to an increased natural linewidth Γ e and therefore a larger photon scattering rate γ sc . Unexpectedly, at ∆ = 2π × 1.83(5) GHz we also observed a second, smaller loss peak which could not be attributed so far. Still, at all detunings relevant for rotational-state dependent (a) Experimental data for polarizability α0(∆) (orange circles) and theoretical curve determined using parameters from intensity-independent measurements (orange line.) The black dashed line indicates zero. Inset: Determination of the tuneout detuning for |0 by measuring cloud size after resonant heating. Grey circles are root-mean-square cloud sizes and the solid line is a fit used to find the minimum, see [48] . (b) Observed loss rate γL of molecules in |0 subjected to 866-nm light at an intensity of 1150 W/cm 2 (blue circles). The loss rate at I = 0 was subtracted from these data points. The blue solid line is a fit of Eq. 5 with Γe as the fit parameter, the grey dashed line shows the prediction of the photon scattering rate γsc assuming Γe = 3Γ. Error bars denote the standard error of the fit. Inset: Intensity dependence of the loss rate at ∆ = 2π × 1 GHz. The solid line is a linear fit to the data.
trapping, we find loss rates low enough that lifetimes of more than 1 s can be achieved in a 866-nm trap with a depth of k B × 1 µK.
To identify the tune-out detuning for the |0 state, we first prepared molecules in the crossed dipole trap. The 866-nm beam was additionally turned on and modulated for 160 ms with 100% peak-to-peak amplitude at a frequency of 110 Hz, equal to the strongest heating resonance of the dipole trap. After this procedure, we measured the molecule cloud size by determining the rootmean-squared deviation of the density distribution, R, after 0.6 ms time of flight. At α 0 (∆) = 0, the heating effect is minimized, so that the smallest cloud size should be observed. With the data shown in the inset of Fig.  2(a) , the tune-out point was determined to be located at ∆ rotational state |1 , we trapped molecules in a spindecoupled 1D magic lattice described in [41] . We employed a homogeneous electric field of 86 V/cm such that the angle between the polarization of the 866-nm light and the electric field was 4(2) • . The differential polarizability α 0↔1 = α 1 − α 0 was measured via microwave spectroscopy as described in the Supplemental Material [48] .
The resulting data agree with Eqns. (1) and (2), see Fig.  3 (a). The magic detuning can be accurately measured via Ramsey spectroscopy of the |0 ↔ |1 transition, which consists of two resonant π/2 microwave pulses separated by a free evolution period with duration t. We varied the phase φ of the second microwave pulse for a given t to obtain Ramsey fringes. The population N 0 (φ) of molecules that are projected back to the |0 state by the second microwave pulse changes periodically with φ. During the free evolution period, the 866-nm beam was turned on. Any inhomogeneous broadening of the microwave resonance due to the differential light shift of the 866-nm light reduces the contrast of N 0 . Therefore, the magic detuning is identified as the maximum of fringe contrast. By fitting a Lorentzian to the contrast data, see Fig. 3 (b), we determined the magic detuning to be ∆ m = 2π × 10.11 (6) GHz. In these measurements, the coherence time is limited to about 1 ms by residual inhomogeneities of the electric field. We expect a much longer coherence time by compensating the electric field gradient and trapping the molecules in a magic-frequency lattice. The benefit of our setup is that for 0-and 90degree angles between the laser-field polarization and the quantization axis, the derivative of the polarizability with respect to the angle is zero, making our scheme robust against polarization imperfections. At the same time, this allows us to minimize differences in hyperpolarizability of rotational levels thereby further minimizing decoherence, see Fig. 4 . We can uniquely determine the shape of the polarizability curve α 0 (∆) from two frequencies that were measured in an intensity-independent manner. The first of these is the tune-out detuning ∆ |0 0 . The second is the point where the two-photon detuning of STIRAP between the Feshbach molecule state |FB and the state |0 becomes insensitive to the 866-nm light intensity. This is achieved at a detuning ∆ where molecules in |FB and |0 experience the same light shift [48] . From these two measured detunings and the value of ω 0 , we computed the partial linewidth of the X ↔ b transition Γ as well as the isotropic background polarizability α iso via Eq. (1). The location of the poles of Eq. (2) and the known ground state rotational constant B were used to determine the excited state rotational constant B . To find the values of the background polarizability terms α bg and α ⊥ bg , we used the known form of α 0 (∆) as well as Eqns. (3)-(4) and required the differential polarizability α 0↔1 to be zero at the measured value of ∆ m . Finally, using Γ and the background polarizability terms, we determined the two tune-out detunings of the state |1 to the left and the right of the J = 1 ↔ J = 2 transition, ∆ |1 ,l 0 and ∆ |1 ,r 0 . In combination, these quantities, summarized in Table I Our results open new ways to address challenges in the field of ultracold polar molecules. For example, trapping molecules in a lattice at one of the tune-out wavelengths would allow selective transfer of hotter molecules at the edge of the lattice into the non-trapped state, thus removing entropy from the sample. In such a lattice, the molecules could thermalize via long-range interactions and would be protected from collisional loss by Pauli blocking [43] or dipole blocking [50] . Another natural application is to create repulsive potentials for ultracold molecules, e.g. to trap them in the dark. Due to the low photon scattering rates at small positive detuning from the X ↔ b transition, one can generate a repulsive box trap with a potential barrier of k B × 4 µK at ∆ = 2π × 1 GHz. The intensity in the trap's center can be as low as several W/cm 2 , enough to allow investigation of the proposed photon-assisted loss of scattering complexes of molecules [51] .
In conclusion, we demonstrated a versatile rotationalstate dependent optical dipole trap by utilizing a nominally forbidden electronic transition from the singlet ground state to the lowest electronically excited triplet state of 23 Na 40 K molecules. We precisely determined a tune-out frequency for the ground state molecules by resonant modulation heating spectroscopy and a magic frequency of rotational states by Ramsey interferometry. These frequencies are so close that dynamical switching between different trapping configurations is possible. The larger than expected photon scattering rate indicates that previously neglected decay channels may play an important role for the lifetime of the excited state. However, long lifetimes of ground-state molecules can still be achieved, e.g at the magic frequency, the radiative molecule loss rate is as low as 0.1 Hz per k B × µK trap depth. Our methods can be generalized to other species of ultracold bi-alkali molecules by carefully choosing a similar narrow molecular transition.
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SUPPLEMENTAL MATERIAL Theoretical description of polarizability and loss rate
The matrix elements of the effective molecular Hamiltonian for detuned laser-molecule interaction can be written as
using second-order perturbation theory while neglecting the counter-rotating terms. Here, Ω ji = j|d · |i E 0 / is the Rabi frequency of an electric field with amplitude E 0 and polarization on a dipole-allowed transition between states |i and |j ,d =d q 4π 3 Y 1,q e q is the dipolemoment operator withd the corresponding one in the molecular frame, Y l,m are spherical harmonics, and e q are the spherical basis unit vectors where q = 0, ±1. The laser detuning ∆ ji is defined as (E j − E i )/ − ω where E j and E i are the unperturbed energies of state |j and |i respectively, and ω is the laser photon frequency. Now we suppose |i is one of the two states of interest in the ground vibronic state. When |i is effectively decoupled from any other energetically nearby states, as realized in the spin-decoupled setup [41] , we can approximate its polarizability as
with the laser field intensity I and z ji = | j|d · |i |. In Born-Oppenheimer approximation, the wavefunction of |i can be written as |i = |X 1 Σ + |v = 0 |J, m J . We use the standard convention where a molecular state is described by (2S+1) Λ ± Ω with the quantum numbers S as spin, Λ as the projection of orbital electronic angular momentum onto the molecular axis, and Ω as the projection of the total electronic angular momentum onto the molecular axis.
To study laser frequency dependence of polarizability near the narrow X ↔ b transition, we focus on the contribution from the upper states of the X ↔ b transition, which we call |j , in the summation in Eq. (S2). The contribution from the rest of the states can be approximated to be constant with respect to laser frequency within tens of GHz of detuning from the central frequency ω 0 , and is encapsulated in background terms. The wavefunction of |j can be written similarly as |j = |b |v = 0 |J , m J , where |b is the electronic wavefunction which mainly has b 3 Π 0 character, but also has A 1 Σ + character mixed in due to spin-orbit coupling. We can write it as |b = c 1 |b 3 Π 0 + c 2 |A 1 Σ + . It is such mixing that gives the non-zero dipole matrix element between the ground states and |j .
The q part of the matrix element of the dipole-moment operator between |i and |j can be written as [52] 4π
where c 2 A 1 Σ + , v |d|X 1 Σ + , v is the Franck-Condon overlap, p is the projection of the scattered photon's angular momentum onto the molecular axis, and S, Σ, and Λ are the angular momentum quantum numbers corresponding to the ground and excited electronic states. Since Λ = Λ = 0 for X 1 Σ + and
For state |0 , the main contribution to the frequencydependent part of the polarizability comes from |b 3 Π 0 , v = 0, J = 1 , and contributions of all other excited states can be approximated with a constant α iso , defined in the main text. From Eq. (S2) and (S4), we have
where we introduce the partial linewidth of the transition
For state |1 , the frequency-dependent part of the polarizability comes from the states |b 3 Π 0 , v = 0, J = 0, 2 , and the frequency-independent part is given by α iso + α ang (θ), as defined in the main text. Unlike for the |0 ground state, the polarizability of |1 depends on the light polarization. For linearly polarized light with polarization parallel to the quantization axis we have z = e 0 , and for polarization perpendicular to the quantization axis we have x = (e 1 + e −1 )/ √ 2. With a polarization angle θ, the polarization unit vector can be written as = z cos θ + x sin θ. Along with Eq. (S2) and (S4), we arrive at the equation for α 1 in the main text.
The photon scattering rate of state |i is given by
where Γ j is the natural linewidth of |j . For state |0 ,
where Γ e is the natural linewidth of |b 3 Π 0 , v = 0, J = 1 , and c bg I includes the contribution from all other excited states which can be neglected when the laser is neardetuned. We can write Γ e as a sum of partial linewidths of different decay channels. The decay to different rotational states |i of |X 1 Σ + , v = 0 is given by
If other decay channels are neglected, we have Γ e ≈ 3Γ. The differential light shift between the |0 and |1 states can be approximated by [41] 
where θ is the polarization angle, α 0↔1 is the differential polarizability as defined in the main text, β is the hyperpolarizability of |1 , and E is the magnitude of the applied dc electric field. An approximation for β can be derived by considering the contribution from four-photon couplings to the |X 1 Σ + , v = 0, J = 1, m J = ±1 states and back. It reads
where d = 2.72 D is the permanent dipole moment of 23 Na 40 K.
Experimental setup
Molecule association is performed after preparing a mixture of ∼ 10 5 23 Na and 40 K atoms each, at a temperature of 300 nK and a magnetic field of 85.4 G in the vertical (z) direction. We then apply a radiofrequency pulse to create molecules in a weakly bound Feshbach molecule state |FB and use STIRAP as described in [47] to create molecules in the rovibrational ground state |0 . This association procedure can be done either in a fardetuned crossed-beam optical dipole trap or in a 1D or 3D optical lattice. The crossed dipole trap consists of a 1064-nm and a 1550-nm laser beam intersecting orthogonally in the horizontal (x-y) plane. The trap frequencies experienced by molecules in |0 in this trap are (94, 72, 233) Hz in the (x, y, z)-directions, respectively. The 1D lattice is formed by a retro-reflected 1550-nm laser beam and is magic for the |0 ↔ |1 transition. As described in [41] , this is achieved by applying a dc electric field in the y-direction, which serves to decouple the rotational states, the hyperfine states, and the trapping light field, and by aligning the polarization of the lattice light with a magic angle relative to this electric field. The 3D lattice is used to suppress collisional loss in experiments that require long molecule lifetimes. It is formed by three retro-reflected laser beams: In the vertical direction, the wavelength is 1550 nm and the beam size is 100 µm, allowing for lattice depths of up to 800 E R for ground state molecules, where E R is the photon-recoil energy for these molecules in a lattice of the respective wavelength. In both horizontal directions, the wavelength is 1064 nm and the beam size is 300 µm. The maximal lattice depth in these directions is 200 E R . The 866-nm beam is focused onto the molecules along the z-direction. Except in the measurements to determine the polarization dependence of the differential polarizability, the polarization of this beam is always at an angle of 4(2) • to the y-direction, almost parallel to the dc electric field.
Tune-out detuning determination
As described in the main text, the tune-out detuning ∆ |0 0 for molecules in state |0 was identified as the detuning where the minimum of heating occurs when modulating the 866-nm beam at the heating resonance of the crossed dipole trap. The heating process depends on the sample temperature as well as the modulation amplitude and modulation frequency. When the temperature of molecules is much smaller than the trap depth and the modulation is weak, the heating can be described as an exponential increase in the sample's energy with a time constant Γ h = Sα 2 0 (∆)I 2 mod [53] , where S depends on the modulation frequency and I mod is the modulation amplitude of the intensity. For the case of strong heating, the temperature quickly saturates to an equilibrium where the heating is balanced by hot molecules escaping from the trap. However, for α 0 (∆) ≈ 0, the exponential model can still be used. In linearized form, the expression for the cloud size R after modulating the 866-nm beam power at a given modulation frequency for a fixed time reads
Here, R 0 is the initial cloud size and ξ is a constant which contains the dependence on intensity, modulation time and modulation frequency. We used this expression with R 0 , ξ, and ∆ |0 0 as fit parameters to determine the detuning at which the minimum of heating occurs and thereby find the tune-out detuning, as shown in the inset of Fig.  2(a) of the main text.
Magic condition between Feshbach and ground-state molecules
We also identified the magic detuning ∆ from ω 0 where molecules in the Feshbach-molecule state |FB and the rovibrational ground state |0 experience the same light shift in a way that is independent of the intensity of the 866-nm light. To do this, 866-nm light at various values of ∆ was turned on during one of the STIRAP pulses at a two-photon detuning which was calibrated to be resonant in the case with no 866-nm light. The individual light shifts of |FB and |0 detune the STIRAP two-photon resonance and thereby lower the moleculeconversion efficiency unless α 0 (∆) matches the polarizability α FB of the molecules in |FB at ∆ . Because |FB is a very weakly bound state, its polarizability can be computed to be α FB = h × 76. 26 Hz/(W/cm 2 ) by summing the polarizabilities of the constituent atoms [54] [55] [56] . This number is approximately independent of ∆ because the molecular resonance is far below the lowest atomic resonances of 23 Na and 40 K. To determine ∆ from the data, we model the drop in STIRAP conversion efficiency due to the shift of the STIRAP two-photon resonance as
where N 0 is the number of molecules that we detect in state |0 , N max is the number of detected molecules when the STIRAP two-photon transition is on resonance, and Γ s is the linewidth of the STIRAP two-photon resonance.
To obtain a fit function, the general form α 0 (∆) = A/∆+ α c was inserted into Eq. (S13), and N max , Γ s , A, and α c were used as fit parameters. We found the maximum conversion efficiency at ∆ = −2π × 6.82 (16) GHz, see Fig. S1 .
Intensity calibration
The intensity of the 866-nm light was calibrated from the measured light shift and the known polarizabilities of ground state molecules α 0 and of Feshbach molecules α FB at ∆ = 2π × 80 GHz according to
as shown in Fig. S2 . Specifically, we used the value α 0 (2π × 80 GHz) = h × 47(1) Hz/(W/cm 2 ), which was obtained from the previous measurements of ∆ |0 0 and ∆ . We found 2700(100) W/cm 2 at 100% relative power.
Polarizability measurements
The polarizability α 0 (∆) of molecules in state |0 was determined from the observed shift of STIRAP twophoton resonance ∆ s that occurred when turning the 866-nm beam on during one of the STIRAP pulses. Example data is shown in Fig. S3(a) . The shift of twophoton detuning is equal to the differential light shift δω FB↔0 (I, ∆) between the |FB and |0 states. From this, we obtained α 0 (∆) via
The precision of this method is limited by drifts of the STIRAP two-photon resonance, which we compensated as far as possible by performing regular calibration measurements without 866-nm light. The differential polarizability α 0↔1 was measured via microwave spectroscopy. After the association of molecules in the state |0 in the magic 1D lattice, their rotational state can be changed to |1 via a resonant microwave π-pulse with a duration of 35 µs. This can be observed as molecule loss because molecules in |1 are not resonant with the reverse STIRAP. The light shift δω 0↔1 (∆) of the |0 ↔ |1 transition caused by the presence of 866-nm light during the microwave pulse then yields α 0↔1 (∆) by
Example data for a scan of the microwave transition frequency is shown in Fig. S3(b) . For all polarizability measurements, the intensity of the 866-nm light was chosen in order to achieve a compromise between the magnitude of the light shift and the inhomogeneous broadening caused by the finite size of the 866-nm beam. For the measurements of α 0 , the intensities we used were between 360 W/cm 2 and 2200 W/cm 2 . The measurements of α 0↔1 were performed at intensities between 70 W/cm 2 and 550 W/cm 2 .
Polarization dependence
The polarization dependence of the polarizability α ang (θ) was determined by measurements of the differential polarizability α 0↔1 at a constant detuning ∆ = 2π × 80 GHz and at various angles between the laser polarization and the electric field, see Fig. S4 . At this detuning, α 0↔1 = α ang (θ) is a good approximation. The results agree well with the prediction of Eq. (5) in the main text as well with the values determined for α bg and α ⊥ bg in Table I of the main text. in the horizontal direction. After molecule association, the lattice was ramped to 40 (120) E R in the vertical (horizontal) direction over 100 ms for the data points at detunings ∆ ≥ 2π × 1 GHz. This is the lattice configuration in which we observed the longest 1/e lifetime of ground-state molecules of 1.4 s. For data points at detunings ∆ < 2π × 1 GHz, no additional lattice ramp was performed, resulting in a molecule lifetime of 0.17 s. The 866-nm beam was then ramped on over a time of 50 µs to an intensity of 1150 W/cm 2 and the molecules were held for various durations before imaging, see Fig. S5 . For each data point presented in Fig. 2(b) of the main text, the loss rate measured in the respective lattice configuration in absence of 866-nm light was subtracted. 
Ramsey spectroscopy
Ramsey spectropscopy was used to determine the magic frequency, at which the smallest dephasing occurs for superpositions of the states |0 and |1 . 866-nm light at a given detuning was turned on during the free evolution time t. To mitigate a damped and chirped interference fringe due to the fast drift of the electric field and molecule loss, instead of changing t between measurements, we varied the phase φ of the second microwave pulse for a given t. The fringe contrast C and initial phase φ 0 were determined by fitting the function N 0 (φ) = N tot (t) 2
(1 − C(t) cos(φ + φ 0 )) (S17) to the measured molecule numbers, see example data shown in Fig. S6 .
